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Michael Romann* and Jörg FuchslocherAbstract
Background: The second-to-fourth digit-length ratio (2D:4D) may be a correlate of prenatal sex steroids, and it has
been linked to sporting prowess. The aim of the study was to validate dual-energy X-ray-absorptiometry (DXA) as a
technique to assess 2D:4D in soccer players under 15 years of age (U-15).
Methods: Paired X-ray and DXA scans of the left hands of 63 male U-15 elite soccer players (age: 14.0 ± 0.3 years)
were performed, and 2D:4D was then compared between the two techniques. The 2D:4D measurements were
performed twice by two blinded raters. Intrarater and interrater reliability, as well as agreement between the X-ray
and the DXA assessments, were tested.
Results: Intrarater reliabilities of both raters using X-ray with intraclass correlation coefficients (ICCs) of 0.97 and 0.90
were excellent. Using DXA, the ICCs were 0.90 and 0.91 thus also showing excellent reliability. Interrater reliabilities
were excellent using both the X-ray (ICC of 0.94) and the DXA (ICC of 0.90), assessments respectively. Bland-Altman
plots demonstrated that the 2D:4D ratios of the two raters did not differ significantly between the X-ray and the
DXA assessments. The standard errors of estimate were 0.01 for both techniques. The 95% limits of agreement of
±0.018 (±2.0%) and ±0.023 (±2.6%), respectively, were within the acceptable tolerance of 5%, and showed very
good agreement.
Conclusion: DXA offered a replicable technique for assessing 2D:4D in youth soccer players. Therefore, the DXA
technique seems to be an alternative method for evaluating 2D:4D in youth sports.
Keywords: Talent identification, Young athletes, Finger length, Measurement techniquesBackground
The ratio of the second and fourth digits (2D:4D) seems
to correlate with the amount of prenatal testosterone
[1]. 2D:4D is sexually dimorphic in humans such that
males show lower mean values of 2D:4D than females.
Sexual dimorphism appears early in the human fetus [2]
and stays stable during childhood and adolescence [3].
Several methods have been used to assess 2D:4D. These
techniques include direct measurements with calipers
[4], inked handprints [5] measurements from photocop-
ies [6], scanned images [7], digital photographs [8],
scaled tubes [9], self-reporting online [10], and X-ray
measurement [11,12]. Each of these methods has limita-
tions relating to its feasibility and costs; however, in gen-
eral, direct measurements, photocopies, and scanned
images are the most commonly used techniques [13].* Correspondence: michael.romann@baspo.admin.ch
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article, unless otherwise stated.In comparison to these methods, radiographic mea-
surements deliver the most accurate measurement of
bone length, and X-ray measurements are more accurate
and precise than direct or photographic methods [14].
However, the main problem with using X-ray imaging
with children and adolescents is the exposure to radi-
ation [15-17]. In modern technology, the assessment of
2D:4D by hand radiography requires 1 μSv of radiation,
which is the equivalent of less than four hours of natural
background radiation or 10 minutes on an intercontin-
ental flight [18,19]. Nevertheless, to avoid the possible
detrimental effects of cumulative radiation exposure,
children and adolescents should only be exposed to a
minimal amount of radiation [15,20]. Consequently,
when assessing 2D:4D reducing the radiation dose is an
important issue, and methods involving less radiation
are preferable, particularly in children and adolescents.
Dual-energy X-ray absorptiometry (DXA) is the mostMed Central. This is an Open Access article distributed under the terms of the
/creativecommons.org/licenses/by/4.0), which permits unrestricted use,
, provided the original work is properly credited. The Creative Commons Public
mons.org/publicdomain/zero/1.0/) applies to the data made available in this
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children, worldwide [21]. The main advantages of this
technique are its low cost, high precision, speed, avail-
ability, and safety [21]. DXA-derived hand scans [22]
have recently become available. Evaluating 2D:4D via
hand radiographs using DXA produces a 10-fold lower ef-
fective dose (0.1 μSv) than using X-ray (1 μSv), with results
that appear to be comparable to those of standard radio-
graphs [21,23]. Therefore, using DXA to assess 2D:4D
could be a possible approach for evaluating 2D:4D.
Researchers have highlighted a considerable range of
variables that are predictors for future success in the de-
velopment and selection of athletic talent. There are ob-
vious variables, such as an athlete’s strength and
performance and the quantity and quality of training
[24], or psychological factors, such as motivation [25].
Other variables, including the athlete’s date of birth
[26,27], the role of older siblings [28], and 2D:4D [1] are
less obvious. In this manner 2D:4D has been identified
as a biomarker for performance in various elite sports
[1]. A smaller ratio is believed to be an indicator of
greater testosterone exposure, which may lead to super-
ior sports performance [6,29].To the best of our know-
ledge, no study has investigated the agreement between
DXA and X-ray hand imaging as techniques for asses-
sing 2D:4D. As 2D:4D has been linked to athletic prow-
ess, agreement between 2D:4D calculations using X-ray
and DXA as imaging techniques should be analyzed.
Until now, the applicability of DXA scans for assessing
2D:4D in youth athletes has not been validated where
2D:4D might play an important role. Therefore, the
aim of the present study was to validate DXA as a tech-
nique for assessing 2D:4D of soccer players under
15 years of age.
Methods
Participants were recruited from among the 72 soccer
players who were invited to the Swiss Soccer Associa-
tion’s national selection day. One of this study’s authors
(the project leader) invited all 72 players to participate in
the study. The cross-sectional 2D:4D sample included 63
(87.5%) male soccer players who decided to participate
in the study. All of the participants were in good health
and free of acute or known chronic diseases at the timeTable 1 Intrarater reliability of 2D:4D measurements
Observer Method mean 2D:4D (SD) Δ
Observer 1 RX 0.905 (0.020) 0.001
DXA 0.908 (0.019) 0.001
Observer 2 RX 0.904 (0.020) 0.001
DXA 0.907 (0.020) 0.001
Note: Intrarater reliability (repeatability) for both raters. = difference; TEM = technica
estimate; ICC = intraclass correlation coefficients; CI = confidence intervall; classificat
0.71 < ICCs < 0.79 were acceptable, 0.80 < ICCs < 0.89 were very good and ICCs >0.9of the study. The study was approved by the local re-
search ethics committees (Kantonale Ethikkommission
Bern, Switzerland, No. 022/13). Written informed con-
sent was obtained from all of the parents and each of
the participants. The participants were informed that
participation was voluntary and that they could with-
draw from the study at any time. Weight, height, and
2D:4D were measured. To measure weight, the partici-
pants wore shorts and a T-shirt. Height was measured
with a stadiometer (Seca 217; Seca, Hamburg, Germany),
and weight was measured with calibrated scales (Tanita
WB-110 MA; Tanita, Tokyo, Japan). Weight and height
were measured to the nearest 0.1 kg and 0.1 cm, re-
spectively. All of the hand-wrist X-rays and DXA scans
were performed at the Swiss Olympic Medical Center
Magglingen according to hand-wrist guidelines. With
the participants sitting beside the X-ray device (Stadler
SE 4600; Stadler, Littau, Switzerland), the left hand-
wrist was placed without any radial or ulnar deviance
on a double-layered phosphor cassette. Using this
standardization, posterior-anterior radiographs of the
left hand were taken with an X-ray device. All digital
X-ray scans were analysed on a computer screen using
iQ-VIEW 2.5.0 (IMAGE Information Systems, London,
UK). A standardized modus of 42 kV tube voltage and
1.60 mAs, with a radiation time of 0.78 s, was used.
Subsequently, on the same day, each participant under-
went a DXA scan of the left hand-wrist (iDXA; General
Electric Lunar, 2008, Madison, WI). Scans were ana-
lysed using software supplied by GE Medical Systems
(GE enCORE 2011, version 13.60). This software allows
a left hand wrist scan which were performed with all
participants. Automatic brightness and contrast opti-
misation was used. All the scans were executed by one
investigator using a standardized modus of 100 kV tube
voltage and 0.19 mAs. With the participants sitting be-
side the DXA device, the scan was focused on the
hand-wrist, starting four centimeters below the radio-
carpal joint in order to obtain an image of the distal
radius, the wrist, and all of the hand bones. All of the
X-ray and DXA images were saved without any partici-
pant characteristics in order to insure that all of the
analyses were blind assessments. All of the scans were
analyzed by two independent, trained raters (R1, R2).TEM (%) SEE ICC (95% CI) Classification
0.004 (0.6%) 0.005 0.97 (0.94-0.98) excellent
0.006 (0.8%) 0.009 0.90 (0.85-0.93) excellent
0.006 (0.8%) 0.010 0.91 (0.85-0.95) excellent
0.007 (0.9%) 0.009 0.91 (0.85-0.94) excellent
l error of measurement, absolut and in % of the mean. SEE = standard error of
ion according to Rosner (2011). ICCs < 0.7 were considered non-acceptable,
0 were excellent.
Table 2 Interrater reliability of 2D:4D measurements
Method Observer 1 Observer 2 Δ TEM (%) SEE ICC (95% CI) Classification
mean 2D:4D (SD) mean 2D:4D (SD)
X-ray 0.905 (0.020) 0.904 (0.020) 0.001 0.007 (0.9%) 0.010 0.94 (0.91-0.96) excellent
DXA 0.908 (0.019) 0.907 (0.020) 0.001 0.009 (1.2%) 0.010 0.90 (0.86-0.94) excellent
Note: Interrater reliability for both observers. = difference; TEM = technical error of measurement, absolut and in % of the mean. SEE = standard error of estimate;
ICC = intraclass correlation coefficients; CI = confidence intervall; classification according to Rosner (2011). ICCs < 0.7 were considered non-acceptable, 0.71 < ICCs < 0.79
were acceptable, 0.80 < ICCs < 0.89 were very good and ICCs >0.90 were excellent.
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rulers to the nearest of 0.5 mm. The distances of 2D
and 4D were measured from the base of the proximal
phalanx to the tip of the distal phalanx [30]. R1 and R2
independently assessed each of the participants’ 2D:4Ds
on the X-ray and the DXA scan to evaluate interrater
variability, and they analyzed these a second time four
weeks later to evaluate intrarater reliability. The assess-
ments were repeated after four weeks in order to
minimize recall bias. Residuals were examined for nor-
mality, linearity. The normality assumption was
checked using Kolmogorov-Smirnov (KS) test and lin-
earity with lack of fit test. To compare the two tech-
niques employed to assess 2D:4D, we used the
statistical methods described by Bland and Altman
[31]. Intrarater and interrater reliability were analyzed
using intraclass correlation coefficients (ICCs) with a
95% confidence interval (CI). Values of less than 0.40
indicated poor reliability, values of 0.40-0.60 indicated
fair reliability, values of 0.60-0.75 indicated good reli-
ability, and values greater than 0.75 indicated excellent
reliability [32]. Bland-Altman plots were used to
visualize the differences between the X-rays and the
DXA scans and their distribution. The mean 2D:4D,
the mean difference, the standard deviation (SD) of the
mean difference, 95% limits of agreement (LoA), and
standard error of the estimate (SEE) were calculated.Figure 1 Bland-Altman plot of the variation between DXA and X-ray
two dashed lines indicate the 95% limits of agreement.In accordance with previous validation studies, we de-
cided to accept that the mean difference between the
two techniques could deviate by a maximum of 5%
from the mean of both techniques and to accept that
the LoA could be within a range of ±0.05. Statistical
analysis was performed using the Statistical Package
for the Social Sciences (SPSS) version 21.0 (IBM SPSS,
Chicago, Illinois, USA). The level of significance was
set at P < 0.05.Results
The mean age of the participants was 14.0 ± 0.3 years,
mean height was 164.9 ± 8.4 cm, and mean weight was
53.0 ± 8.7 kg. Data of finger length and differences be-
tween X-ray and DXA assessments were normally dis-
tributed (KS, p > 0.05) and linearity was given (lack of fit,
p > 0.05). Table 1 shows the intrarater reliability of the
2D:4D calculations using X-rays and DXA scans. For R1,
the intrarater difference between the two assessments
using X-rays was 0.001 with an SEE of 0.005 and an ICC
of 0.97 (0.94–0.98). Using DXA, the difference was 0.001
with an SEE of 0.009 and an ICC of 0.90 (0.85–0.93).
For R2, the intrarater difference between the two assess-
ments using X-rays was 0.001 with an SEE of 0.010 and
an ICC of 0.91 (0.85–0.95). Using DXA, the difference
was 0.001 with an SEE of 0.009 and an ICC of 0.91assessments of rater 1. The continuous line indicates mean and the
Figure 2 Bland-Altman plot of the variation between DXA and X-ray assessments of rater 2. The continuous line indicates mean and the
two dashed lines indicate the 95% limits of agreement.
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the intrarater reliabilities of both raters were excellent.
The mean 2D:4D interrater difference between the as-
sessments using X-rays was 0.001, with an SEE of 0.010
and an ICC of 0.94 (0.91–0.96). The mean 2D:4D inter-
rater difference between the assessments using DXA was
0.001, with an SEE of 0.010 and an ICC of 0.90 (0.86–
0.94). The interrater reliabilities were excellent with both
assessment techniques (Table 2).
Agreement between the assessments is shown in the
Bland-Altman plots. For each participant, the difference
between the X-ray and DXA assessments is plotted
against the mean of these assessments (Figures 1 and 2).
The LoAs (mean ± 1.96 SD) are plotted in both figures.
The differences between the X-ray and DXA assess-
ments were normally distributed. The mean difference
between R1’s 2D:4D measurements was 0.003 (0.4%),
with an SEE of 0.010 and an ICC of 0.89 (0.83-0.93)
(Table 3). The 95% LoA was ± 0.018 (±2.0%). The mean
difference between R2’s measurements was 0.003 (0.4%),
with an SEE of 0.010 and an ICC of 0.81 (0.74-0.87).
The 95% LoA was ± 0.023 ((±2.6%). All paired assess-
ment points lie close to the horizontal line of mean dif-
ferences, indicating good agreement and suggesting
small differences between the techniques. Moreover, all
of the points seem to lie randomly around the line of
mean difference, indicating an absence of systematic
bias. Correlation between the difference and means ofTable 3 Agreement of 2D:4D measurements
Observer RX mean (SD) DXA mean (SD) Δ
Observer 1 0.905 (0.020) 0.908 (0.019) 0.003
Observer 2 0.904 (0.020) 0.907 (0.020) 0.003
Note: Intrarater reliability (repeatability) for both raters. = difference; TEM = technica
estimate; ICC = intraclass correlation coefficients; CI = confidence intervall; classificat
0.71 < ICCs < 0.79 were acceptable, 0.80 < ICCs < 0.89 were very good and ICCs >0.9measurements was 0.02 (p > 0.5) for rater 1 and 0.04
(p > 0.5) for rater 2.
Discussion
The main finding of this study was excellent agreement
between DXA and X-ray derived 2D:4D assessments.
The mean difference between the assessments did not
deviate more than 5% and the 95% LoAs were in the
range of the defined −0.05 and +0.05 limit for the 2D:4D
ratio. According to these levels of agreement, the 2D:4D
assessments using the DXA technique produces results
that are similar to the results produced by the common
assessments using the X-ray technique.
In the last decade a large body of knowledge has
grown in 2D:4D research with more than 60 publications
per year [33]. Specifically the relationship between
2D:4D and athletic prowess has high interest and rele-
vance among sports science. Significant correlations be-
tween performance and 2D:4D have been shown in e.g.
running, soccer, rugby, skiing, fencing and swimming
[6,34-36]. There is evidence that 2D:4D is a correlate of
prenatal testosterone and ghrelin concentrations in sport
[6,34]. As a result 2D:4D is suggested to be a predictor
for important abilities in sport like strength and aerobic
capacities [37,38].
In addition to the importance and high relevance of
2D:4D research in sport the results of our study were in
line with 2D:4D values found in studies performed byTEM (%) SEE ICC (95% CI) Classification
0.009 (1.2%) 0.010 0.89 (0.83-0.93) very good
0.011 (1.4%) 0.010 0.81 (0.74-0.87) very good
l error of measurement, absolut and in % of the mean . SEE = standard error of
ion according to Rosner (2011). ICCs < 0.7 were considered non-acceptable,
0 were excellent.
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intrarater and interrater variances of 2D:4D using tech-
niques other than DXA showed similar results as well
(e.g., [13,39,40]). Allaway [13] assessed the level of
intrarater and interrater reliability when evaluating
2D:4D using four different techniques: direct finger
length measurements, photocopies, printed scanned
images, and computer-assisted image analysis. In that
study, the ICCs of intrarater reliability were 0.96 by
computer-assisted analysis, 0.94 by photocopies, 0.93
by direct measurements and 0.84 by printed scans. The
ICCs of interrater reliability were 0.89 by computer-
assisted, 0.86 by photocopies, 0.80 by direct measure-
ments, and 0.76 by printed scans. Ranson, Taylor, and
Stratton [39] showed an excellent interrater ICCs reli-
ability of 0.95 (0.92–0.97) and a very good to excellent
interrater ICCs reliability of 0.90 (0.83–0.94) using pho-
tographs as an imaging technique. A longitudinal study
with Jamaican children found interrater ICCs of 0.951
(left hand) and 0.940 (right hand), respectively, and
four years later, ICCs of 0.977 (left hand) and 0.971
(right hand), respectively, were reported using direct
measurements [3]. Peeters and Claessens [40] used X-
ray measurements to calculate 2D:4D and they revealed
excellent intrarater and interrater ICCs of 0.98. Com-
pared to these results, the present study showed similar
intrarater and interrater ICCs. However, in the previous
studies, different study-designs were used and the ex-
perience of the raters varied; therefore, it is difficult to
compare the studies’ findings.
To the best of our knowledge there are no studies in
the literature that evaluated the agreement of 2D:4D
calculations from X-rays and DXA scans. Our results
showed that 2D:4D scans made using the DXA tech-
nique deliver valid 2D:4D values compared to scans
made using the X-ray technique. The DXA technique
had excellent reliability and very good agreement in
comparison to the X-ray technique. We expect our re-
sults to be valid for other populations in the sports set-
ting. Therefore, in sports, the implementation of
2D:4D measurements made by DXA scans may provide
an additional parameter in the selection and develop-
ment of talent. The major advantage of the DXA tech-
nique is that it produces a 10-fold lower effective dose
of radiation (1 μSv) compared to the X-ray technique
(0.1 μSv) [21,23]. In terms of 2D:4D assessment, one
disadvantage of the DXA technique is that the defin-
ition of the scan is worse than the definition of an X-
ray scan and the DXA scanning procedure is more
time consuming than an X-ray. The DXA scan lasts
approximately 60s (depending on the size of the wrist-
hand), which increases the probability of movement
artifacts. In contrast, an X-ray examination takes less
than 1 s.Conclusion
The results obtained from using the DXA technique are
similar in accuracy to those obtained by using the X-ray
technique. Therefore, DXA seems to be an acceptable al-
ternative technique for assessing 2D:4D in elite sports.
The major advantage of the DXA technique compared
with the classical X-ray technique is that the DXA tech-
nique has a 10-fold lower exposure to radiation. A disad-
vantage of using DXA for assessing 2D:4D is that the
definition of the DXA scan is worse than the definition
of an X-ray, and the DXA scanning procedure is more
time consuming, which increases the probability of
movement artifacts.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
MR: participated in conceptualizing the study, coordination of data collection,
conducted analyses, drafted the manuscript JF: participated in conceptualizing
the study, reviewed and revised the manuscript. All authors read and approved
the final manuscript.
Authors’ information
Jörg Fuchslocher is co-author.
Acknowledgements
We want to acknowledge the participation of the soccer players and
coaches that were involved in this study.
Received: 17 July 2014 Accepted: 8 January 2015
References
1. Hönekopp J, Schuster M. A meta-analysis on 2D: 4D and athletic prowess:
Substantial relationships but neither hand out-predicts the other. Personal
Individ Differ. 2010;48:4–10.
2. Malas MA, Dogan S, Hilal Evcil E, Desdicioglu K. Fetal development of the
hand, digits and digit ratio (2D: 4D). Early Hum Dev. 2006;82:469–75.
3. Trivers R, Manning J, Jacobson A. A longitudinal study of digit ratio (2D: 4D)
and other finger ratios in Jamaican children. Horm Behav. 2006;49:150–6.
4. Manning JT, Scutt D, Wilson J, Lewis-Jones DI. The ratio of 2nd to 4th digit
length: a predictor of sperm numbers and concentrations of testosterone,
luteinizing hormone and oestrogen. Hum Reprod. 1998;13:3000–4.
5. Hall LS, Love CT. Finger-length ratios in female monozygotic twins discordant
for sexual orientation. Arch Sex Behav. 2003;32:23–8.
6. Manning JT, Taylor RP. Second to fourth digit ratio and male ability in sport:
implications for sexual selection in humans. Evol Hum Behav. 2001;22:61–9.
7. Bailey AA, Hurd PL. Finger length ratio (2D: 4D) correlates with physical
aggression in men but not in women. Biol Psychol. 2005;68:215–22.
8. Pokrywka L, Rachoń D. Suchecka‐Rachoń K, Bitel L. The second to fourth
digit ratio in elite and non‐elite female athletes. Am J Hum Biol.
2005;17:796–800.
9. Nicholls ME, Orr CA, Yates MJ, Loftus AM. A new means of measuring
index/ring finger (2D: 4D) ratio and its association with gender and hand
preference. Laterality. 2008;13:71–91.
10. Caswell N, Manning JT. A comparison of finger 2D: 4D by self-report direct
measurement and experimenter measurement from photocopy: methodological
issues. Arch Sex Behav. 2009;38:143–8.
11. Paul SN, Kato BS, Cherkas LF, Andrew T, Spector TD. Heritability of the
second to fourth digit ratio (2d: 4d): A twin study. Twin Res Hum Genet.
2006;9:215–9.
12. Robertson J, Zhang W, Liu J, Muir K, Maciewicz R, Doherty M. Radiographic
assessment of the index to ring finger ratio (2D: 4D) in adults. J Anat.
2008;212:42–8.
13. Allaway HC, Bloski TG, Pierson RA, Lujan ME. Digit ratios (2D: 4D)
determined by computer‐assisted analysis are more reliable than those
Romann and Fuchslocher BMC Medical Imaging  (2015) 15:1 Page 6 of 6using physical measurements, photocopies, and printed scans. Am J Hum
Biol. 2009;21:365–70.
14. Auger J, Le Denmat D, Berges R, Doridot L, Salmon B, Canivenc-Lavier MC,
et al. Environmental levels of oestrogenic and antiandrogenic compounds
feminize digit ratios in male rats and their unexposed male progeny. Proc R
Soc B Biol Sci. 2013;280:1–8.
15. Hall EJ, Brenner D. Cancer risks from diagnostic radiology. Br J Radiol.
2008;81:362–78.
16. Kleinerman RA. Cancer risks following diagnostic and therapeutic radiation
exposure in children. Pediatr Radiol. 2006;36:121–5.
17. Ron E. Cancer risks from medical radiation. Health Phys. 2003;85:47–59.
18. Mettler Jr FA, Huda W, Yoshizumi TT, Mahesh M. Effective doses in radiology
and diagnostic nuclear medicine: a Catalog1. Radiology. 2008;248:254–63.
19. RSNA. 2014. Patient Safety: Radiation Dose in X-Ray and CT Exams.
[http://www.radiologyinfo.org/en/safety/index.cfm?pg=sfty_xray]
20. International Commission of Radiological Protection (ICRP). Radiological
protection in paediatric diagnostic and interventional radiology. ICRP
Publication 121 Ann ICRP 42. Oxford: International Commission of
Radiological Protection (ICRP); 2013.
21. Gordon CM, Bachrach LK, Carpenter TO, Crabtree N, El-Hajj Fuleihan G,
Kutileg S, et al. Dual energy X-ray absorptiometry interpretation and
reporting in children and adolescents: the 2007 ISCD pediatric official
positions. J Clin Densitom. 2008;11:43–58.
22. Płudowski P, Lebiedowski M, Lorenc RS. Evaluation of the possibility to
assess bone age on the basis of DXA derived hand scans—preliminary
results. Osteoporos Int. 2004;15:317–22.
23. International Atomic Agency (IAEA). Applying Radiation Safety Standards in
Diagnostic Radiology and Interventional Procedures Using X Rays. IAEA
safety standards series No. 39. Vienna: IAEA; 2006.
24. Baker J, Horton S. A review of primary and secondary influences on sport
expertise. High Ability Stud. 2004;15:211–28.
25. Duda J, Treasure D. Toward optimal motivation in sport: Fostering athletes’
competence and sense of control. In: Williams JM, editor. Applied sport
psychology: Personal growth to peak performance. 4th ed. Mountain View:
Mayfield Press; 2001. p. 1–41.
26. Cobley S, Baker J, Wattie N, McKenna J. Annual Age-grouping and athlete
development: a meta-analytical review of relative Age effects in sport.
Sports Med. 2009;39:235–56.
27. Romann M, Fuchslocher J. Relative age effects in Swiss junior soccer and
their relationship with playing position. Eur J Sport Sci. 2013;13:356–63.
28. Côté J. The influence of the family in the development of talent in sport.
Sport Psychol. 1999;13:395–417.
29. Manning J, Wood S, Vang E, Walton J, Bundred P, van Heyningen C, et al.
Second to fourth digit ratio (2D: 4D) and testosterone in men. Asian J
Androl. 2004;6:211–6.
30. Vehmas T, Solovieva S, Leino-Arjas P. Journal of negative results in
BioMedicine. J Negat Results Biomed. 2006;5:12.
31. Bland JM, Altman DG. Measuring agreement in method comparison studies.
Stat Methods Med Res. 1999;8:135–60.
32. Rosner BA. Fundamentals of biostatistics. Boston: Duxbury; 2011.
33. Manning J, Kilduff L, Cook C, Crewther B, Fink B. Digit ratio (2D: 4D): a
biomarker for prenatal sex steroids and adult sex steroids in challenge
situations. Front Endocrinol. 2014;5:1–5.
34. Jürimäe T, Voracek M, Jürimäe J, Lätt E, Haljaste K, Saar M, et al.
Relationships between finger-length ratios, ghrelin, leptin, IGF axis, and sex
steroids in young male and female swimmers. Eur J Appl Physiol.
2008;104:523–9.
35. Voracek M, Reimer B, Dressler S. Digit ratio (2D: 4D) predicts sporting
success among female fencers independent from physical, experience, and
personality factors. Scand J Med Sci Sports. 2010;20:853–60.
36. Bennett M, Manning J, Cook C, Kilduff L. Digit ratio (2D: 4D) and
performance in elite rugby players. J Sports Sci. 2010;28:1415–21.
37. Manning J, Hill M. Digit ratio (2D: 4D) and sprinting speed in boys. Am J
Hum Biol. 2009;21:210–3.
38. Hill R, Simpson B, Manning J, Kilduff L. Right–left digit ratio (2D: 4D) and
maximal oxygen uptake. J Sports Sci. 2012;30:129–34.
39. Ranson R, Taylor S, Stratton G. Reliability of a field based 2D: 4D
measurement technique in children. Early Hum Dev. 2013;89:589–92.
40. Peeters MW, Claessens AL. The left hand second to fourth digit ratio (2D:
4D) does not discriminate world-class female gymnasts from age matched
sedentary girls. PLoS One. 2012;7:e40270.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
